An ultrarelativistic 28.5 GeV, 700-m-long positron bunch is focused near the entrance of a 1.4-m-long plasma with a density n e between 10 13 and 5 10 14 cm ÿ3 . Partial neutralization of the bunch space charge by the mobile plasma electrons results in a reduction in transverse size by a factor of 3 in the high emittance plane of the beam 1 m downstream from the plasma exit. As n e increases, the formation of a beam halo containing 40% of the total charge is observed, indicating that the plasma focusing force is nonlinear. Numerical simulations confirm these observations. The bunch with an incoming transverse size ratio of 3 and emittance ratio of 5 suffers emittance growth and exits the plasma with approximately equal sizes and emittances. Minimization of emittance growth and halo formation in high-intensity charged particle beams is of utmost importance for applications such as heavy ion fusion, neutron spallation sources and nuclear waste treatment, cancer therapy, high-energy physics, and advanced accelerator concepts. With ion beams, emittance growth results from the mismatch of the beam to the periodic focusing structure, from the nonlinearities associated with nonuniform space charge forces, and from microinstabilities [1] . Halo formation and the associated emittance growth in proton accelerators [2 -4] and in space charge-dominated electron beams [5] are relatively well understood.
Minimization of emittance growth and halo formation in high-intensity charged particle beams is of utmost importance for applications such as heavy ion fusion, neutron spallation sources and nuclear waste treatment, cancer therapy, high-energy physics, and advanced accelerator concepts. With ion beams, emittance growth results from the mismatch of the beam to the periodic focusing structure, from the nonlinearities associated with nonuniform space charge forces, and from microinstabilities [1] . Halo formation and the associated emittance growth in proton accelerators [2 -4] and in space charge-dominated electron beams [5] are relatively well understood.
In the context of an electron-positron (e ÿ =e ) collider, preservation of the beams' emittance along the accelerators is paramount to reaching the beam luminosity required for particle physics discoveries. The emittance is proportional to the square root of the beam's transverse temperature, and emittance growth therefore limits the ability to focus the beam to small transverse sizes. While the beam normalized emittance is in principle preserved along a conventional radio-frequency-driven accelerator, the question of emittance preservation in novel acceleration schemes, such as the beam-driven plasma wakefield accelerator (PWFA) , is an open question. The PWFA has been proposed to double the energy of the e ÿ =e of a linear collider in short (10 -100 m), high accelerating gradient (10 GeV=m) plasma sections [6] . Energy doubling of 42 GeV trailing particles of an e ÿ bunch in 85 cm of plasma has been recently demonstrated in a PWFA [7] .
In the PWFA driven by an e ÿ bunch and operating in the nonlinear blowout regime (n b > n e ) [8] , the accelerated beam propagates in a pure ion column. For a beam with a density n b not much greater than the plasma density n e (n b n e ), the heavy plasma ions are immobile over the time scale of a plasma period, approximately the time between the drive and the accelerated bunch. The focusing force of the ion column is therefore uniform along the bunch and is linear along the bunch radius (free of geometric aberrations), and the emittance of the accelerated bunch is thus preserved [9, 10] . For e ÿ beams with densities much larger than the plasma density (n b n e ), motion of the plasma ions may degrade the ion column's focusing properties and lead to emittance growth [11] .
The situation is different for e bunches propagating in plasmas. Focusing of an e beam by a millimeter-long, but high density, gas jet plasma has been demonstrated [12] . The time dependence of the focusing by a 1.4-m-long, but low density (<4 10 12 cm ÿ3 ), plasma has also been studied within single, picosecond-long e bunches [13] . However, in these experiments the plasma density-length product was too small for the bunch to significantly evolve along the plasma, and in this respect the plasma column could be considered as a thin focusing element. In a plasma-based accelerator with multi-GeV energy gain, the plasma will be meters long with a density in the 10 16 cm ÿ3 range [6] , and the beams will significantly evolve in their transverse dimensions. Such an evolution is well documented for the case of e ÿ bunches [9, 10, 14, 15] . Numerical simulations indicate that the focusing force a plasma exerts on an e bunch is inherently nonlinear along both the bunch radius and the length [13, 16] . The nonlinearities are the result of nonuniformities in the density of the plasma e ÿ that are attracted toward, flow through, and neutralize and focus the e bunch. Note that the electron plasma density inside the e bunch may even locally exceed the bunch density. This nonlinear focusing force is expected to lead to emittance growth of the incoming beam along the plasma length. In the experiments described here, as in ion beam experiments [2 -4] , this growth manifests itself through the formation of a beam halo, and through the increase in beam core size as a function of the plasma density.
In this Letter we examine for the first time both experimentally and numerically the propagation of an ultrarelativistic e beam in a 1.4-m-long plasma with densities in the 0:1-5 10 14 cm ÿ3 range, appropriate for acceleration of particles in the back of the 700-m-long bunch [17] . The transverse size and shape of a beam with asymmetric initial emittances in the two transverse directions are monitored 1 m downstream from the plasma exit using optical transition radiation (OTR). Images of the beam show that, at this location, the beam transverse size is reduced by a factor of 3 in the plane of high emittance when the plasma is turned on. As the plasma density is increased, the beam develops a halo that contains up to 40% of the total beam charge. Numerical simulations confirm the beam size behavior as observed after the plasma, including initial size reduction in the high emittance x plane, size increase in the low emittance y plane, and halo formation, all as the plasma density is increased. Analysis of the beam longitudinal slice emittance from the simulation particle phase space indicates that the emittance grows quickly over the first 10 cm of plasma, and increases along the bunch. Simulations also show that an incoming e beam with emittances in the horizontal and vertical plane different by a factor of 5 exits the plasma with emittances and sizes approximately equal. There is good agreement between the beam size and halo formation predicted by the simulations and measured in the experiment. Halo formation and emittance growth are the results of the mutual interaction between the plasma e ÿ that focus the e bunch (by neutralization) and the e bunch that, in turns, modifies the plasma e ÿ density within the bunch itself. In the experiment, the ultrarelativistic 28.5 GeV e beam generated by the Stanford Linear Accelerator Center (SLAC) linac is delivered to the Final Focus Test beam line [18] with 1:9 10 10 e =bunch (3 nC). The bunch longitudinal rms length is 730 m (2:4 ps). The incoming invariant emittances are 50 and 5 10 ÿ6 m rad in the horizontal (x) and vertical (y) planes, respectively. The schematic of the experiment is similar to that of Ref. [14] . The beam is focused at the entrance of a lithium vapor column. An ultraviolet (uv, 193 nm), 20 ns laser pulse creates the plasma by photoionization of the low ionization potential (5.4 eV) lithium vapor contained in a heat-pipe oven [19, 20] . The laser beam, and therefore the plasma, is made collinear with the e beam by reflection off a 45 , 150-m-thick glass pellicle coated for high reflectivity at 193 nm. The laser beam is also focused along the lithium vapor column to compensate for the absorption of uv photons and thereby retain a constant (5%) plasma density over the column length. The plasma density is obtained from the measurements of the lithium neutral density and absorbed uv energy. The measurements of the e characteristics with plasma (n e > 0) are acquired with the e bunch traveling along the plasma 200 ns after the laser pulse. Every fourth event is recorded with the laser firing after the e bunch (n e 0) in order to continuously monitor the incoming beam characteristics. The plasma length is 1.4 m, and n e is varied between 10 13 cm ÿ3 and 5 10 14 cm ÿ3 by adjusting the laser pulse energy. The maximum ionization fraction is 13%.
The backward visible OTR emitted by the bunch when traversing 25-m-thick titanium foils at 45 incidence, located 1 m upstream (downstream) from the plasma entrance (exit), is imaged onto CCD cameras. The e beam suffers scattering and emittance growth when traversing the 25:4-m-thick beryllium window that isolates the accelerator ultrahigh vacuum from the heat-pipe oven buffer gas, the glass pellicle reflecting the uv laser pulse, and the OTR screen located before the plasma. For a round, double-Gaussian, 25 m beam size at the plasma entrance, the invariant emittances calculated by including this scattering are Nx 390 10 ÿ6 m rad and Ny 80 10 ÿ6 m rad. Images of the e beam at the downstream OTR location are shown in Fig. 1(a) for the case without plasma (n e 0) and in Fig. 1(b) for n e 0:7 10 14 cm ÿ3 . With n e 0 the beam is elliptical at the downstream location because of the unequal incoming emittances. The transverse profiles shown in white, obtained by summing the image in the perpendicular direction, are Gaussian to close approximation. The image with n e 0:7 10 14 cm ÿ3 [ Fig. 1(b) ] shows that the beam size is strongly reduced in the x plane (large N ), while the size in the y plane (small N ) is approximately the same as with n e 0. On this image the core of the beam is surrounded by a charge halo that is the source of the shoulders observed in the transverse profiles, and which is most visible in the y profile. 
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In order to quantify both the beam size and the formation of the halo as a function of n e , the transverse beam profiles are fitted with two triangles, as shown in Figs. 1(c) and 1(d). While other methods have been used to describe beam halo formation [21, 22] , the method chosen here yields both the core beam size and the fractional charge contained in the core and halo. The beam size is defined as the full width at half maximum of the core triangle (ABB 0 ). The fractional charge in the focused core and halo are defined as the area of the core triangle and two times the area of the halo triangle (CDB), respectively, both divided by the total area encompassed by the triangles (DCAC 0 D 0 ). Note that with this description a Gaussian beam has about 4% of its total charge in the halo. These profiles describe well symmetric transverse profiles. Events with strong asymmetries are ignored. The resulting transverse beam sizes and charge fractions in the beam core and halo are plotted versus n e in Figs. 2(a) and 2(b) , respectively. The important features of Fig. 2(a) are the following. First, the beam size in the x plane with n e > 0 is reduced by a factor 3 when compared to the n e 0 case, while in the y plane the beam size only increases for all n e > 0. Second, although the incoming beam has very different sizes for n e 0 (downstream of the plasma), for n e > 0 the sizes in both planes are essentially equal and increase with n e . Third, unlike the case of an e ÿ beam [9, 10, 14] , no modulation of the beam size associated with beam envelope betatron oscillation is observed with e in the n e range covered here (n e 0:1 10 14 cm ÿ3 ). Figure 2(b) shows the charge fraction contained in the core of the focused beam and in the halo for low n e in Fig. 2(a) . In the low emittance y plane the amount of charge transferred from the beam core to the halo increases linearly for 0 < n e < 0:4 10 14 cm ÿ3 , and it remains approximately constant at 40% of the total charge at higher n e . In the high emittance x plane a smaller fraction of the charge (25%) is transferred to the halo as soon as n e > 0, and the relative amounts of charge are essentially independent of n e (<2 10 14 cm ÿ3 ).
The propagation of the bunch in the plasma is modeled using the numerical code QUICKPIC [23] . This code uses a quasistatic approximation, which is well suited to describe the transverse dynamics of particle beams in plasmas. After the plasma the beam particles are propagated ballistically to the equivalent of the downstream OTR location, where beam transverse images and profiles can be generated and compared to the ones obtained experimentally. The 2-triangle fitting procedure is also applied to these images. The incoming e beam parameters are identical to those of the experiment. Detailed simulation parameters and results will be published elsewhere. Simulation results corresponding to the experimental results of Fig. 1 are displayed in Fig. 3(a) for n e 0 and Fig. 3(b) for n e 1:5 10 14 cm ÿ3 . These show remarkable similarities with the experimental beam images of Figs. 1(a) and 1(b) . Also, both beam sizes and charge fractions in the core and halo of the beam [Figs. 3(c) and 3(d) ] show good agreement with the experimental results of Figs. 2(a) and 2(b) : similar beam sizes and dependencies in both planes, initial linear increase of the halo charge in the y plane, and no significant halo formation in the x plane. While the halo is fully formed at a higher density in the simulations than in the experiment (factor 2 -3), the asymptotic charge fractions in the halo are similar. This allows us to use the simulation results with confidence to study the effect of propagation through a plasma on the e beam. In addition to the beam images, simulation results give access to the beam phase space and therefore to the beam emittance. Figure 4 shows the total rms bunch emittance as well as the emittance of five longitudinal or z slices of the bunch, each containing 20% of the total charge, along the plasma length for n e 2 10 14 cm ÿ3 . In the high emittance x plane the emittance of all slices slowly increases as a function of distance. In contrast, in the low emittance y plane, the emittance grows abruptly over the first few centimeters. The first four slices of the bunch exit the plasma with emittances in the 0:6-2:0 10 ÿ3 m rad range, smaller than the whole beam emittances (Fig. 4) . The latter are dominated by the emittance growth in the last slice (number 5 in Fig. 4) , where the onset of the two-stream hose instability [24, 25] is observed in the simulations at the largest values of n e . It is interesting to note that, even though the incoming bunch emittances differ by a factor of about 5 ( Nx 5 Ny ), after 1.4 m of plasma they are about equal: Nx Ny 3 10 ÿ3 mrad. This corresponds to an emittance growth by factors of 8 and 38 in the two respective planes. However, the beam emittance may be closer to that of the core beam emittance, a factor two to three smaller (slices 1-4 only), since the quasistatic approximation may overestimate the growth of the hose instability observed in the last slice. The e bunch therefore exits the plasma with approximately equal emittances (Fig. 4) and sizes. Similar observations have been made in simulations of space charge dominated beams in an external focusing channel [26] . The dependency of the beam sizes on n e , as seen in Figs. 2(a) and 3(a) , suggests that the amount of emittance growth over a fixed plasma length increases with n e . However, Fig. 4 indicates that at a given plasma density the emittance growth of the slices and of the total bunch level off after propagating some distance into the plasma. Numerical simulations of the e bunch propagating through a n e 1:5 10 14 cm ÿ3 plasma with a length twice that of this experiment (2.8 m) show a further emittance growth by a factor of less than 2. Some distance into the plasma (in simulations, 20 cm for n e 1:5 10 14 cm ÿ3 ), the e beam sizes and emittances, as well as the focusing force, reach essentially constant values; i.e., the beam can be propagated further without any more significant emittance growth.
We observed experimentally transverse beam size evolution accompanied by the formation of a charge halo after the propagation of a e beam through a 1.4-m-long plasma with a density in the 0:1-5 10 14 cm ÿ3 range. Halo formation is the result of the nonlinear plasma focusing force. The observations are well described by numerical simulations. Simulations also show that, as expected, the beam emittance grows along the propagation. A possible option to mitigate the emittance growth suffered by an e bunch in a uniform plasma (this Letter) is to use a hollow channel plasma. In such an e PWFA, the radius r c of the hollow channel is on the order of the plasma collisionless skin depth c=! p [16] . Preliminary experimental results show that the distortions in beam transverse shape sustained by an e bunch along a low-density (<10 13 cm ÿ3 ), 1.4-mlong hollow plasma channel are less than in the case of a uniform plasma [27] . Acceleration and emittance preservation of ultrashort e beams will be the subject of future experiments.
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